Abstract: A validation study to predict the possible stable polymorphs of pyrazinamide within the low energy conformational region of the flexible torsion angle was performed through a potential energy surface (PES) scan by gas phase optimisation using the MP2/6-31G(d,p) method. Hypothetical crystal structures with favourable packing density for each of the stable conformers generated from the PES scan were generated using a global search with a repulsion only potential field. The densest crystal structures with stable energy were analyzed with more accurate lattice energy minimisation via distributed multipole analysis using the repulsion-dispersion potential. The stability of the predicted crystal structures with similar close packing to the known experimental polymorphs of the pyrazinamide molecule were analyzed by inspecting their intermolecular short contacts. Studies to analyze the second derivative mechanical properties from the Hessian matrix were realised to emphasise the thermodynamic stability of predicted polymorphs of pyrazinamide.
INTRODUCTION
Polymorphism is the property of a molecule that describes its ability to crystallise in more than one crystal form. Theoretical work to identify the polymorphs is a subject of great academic and industrial importance, since the experimental observation of certain polymorphs is sometimes very challenging. Polymorphic structures can have similar or very different chemical and physical properties from the parent structure, 1 which may alter, for example, their pharmaceutical effectiveness. Typical investigations to find the polymorphic landscapes are performed experimentally, but theoretical predictions can reduce the process 764 ARPUTHARA, NIDHIN AND SRINIVASAN time with much accuracy. As a result, techniques to predict crystal structures have been introduced and tested for various molecules. Recently, in a report on the fifth blind test, Price et al. analyzed the polymorphic hydrate gallic acid monohydrate 2 by refining the search space to a more manageable level by identifying the flexible torsions. Most of the crystal structure prediction (CSP) techniques assume that the stable polymorphs come in the lowest energy region of lattice-energy surface. 3 Interesting and challenging tests for ab initio CSP techniques are the extent to which they can predict the polymorphs of the same crystal compositions. The current paper presents an attempt to predict the polymorphic structures of pyrazinamide, within a flexible torsion range and a specific potential field. Pyrazinamide is an antitubercular drug molecule, which can shorten the therapy to 6-9 months and has a better effect over semi-dormant bacilli. 4 The concerned pyrazinamide molecule has four known polymorphic forms, α, β, γ and δ. 5 The structural reports of these known polymorphs revealed that the two-dimensional sheet-like appearance of the β polymorph contributes to a herring bone motif, and similar can be observed for the δ polymorph; whereas the α and δ forms exist as simple sheet structures. 6 Detailed analysis of the intermolecular short contacts of the four polymorphic forms indicated the presence of a dimer interaction between the carboxylic and the amide functional group, which was absent for the γ polymorph. The presence of strong π … π stacking for the γ polymorph causes the crystal structure to create face-face stacks whereas an edge-face interaction was exhibited by the δ polymorph. 7 Studies of these structures showed that the known polymorphic forms arose from deviation in the short contacts and the hydrogen bond motifs that may affect the solubility of the pyrazinamide molecule, which in turn is one of the favourable qualities of a pharmaceutical compound. As explained, the presence of polymorphic structures may change the physical and chemical properties of molecules, and may alter their medicinal value. Thus the need for ab initio CSP techniques to predict the polymorphs of different organic molecules justifies its importance.
AB INITIO METHODOLOGY
The crystal structure prediction methodology for flexible molecules exhibiting conformational polymorphism should evaluate and compare the relative energy penalty for the intramolecular distortion of the molecule to verify its stability using Eq. (1):
The commonly used ab initio CSP method starts with a potential energy surface scan with a flexible torsion angle and global search to identify the likely crystal structures within the crystal energy landscape. The selected best crystal structures were then subjected to lattice energy minimisation. The same methodology was used in the current paper with the potential energy surface scan executed using the MP2 method with the 6-31G(d,p) basis set in Gaussian 09. 8 crystal energy landscape was realised by performing step-by-step orientations of the concerned molecule in all common coordination geometries for constructing the appropriate coordination patterns with the unit cell volume as the function to be minimised. The algorithm uses a repulsion only UMD potential to build the packing arrangements in the commonly encountered space groups P1, P 1 , P2, Pm, Pc, P2 1 , P2/c, P2 1 /m, P2/m, P2 1 /c, Cc, C2, C2/c, Pnn2, Pba2, Pnc2, P22 1 , Pmn2 1 , Pma2, P2 1 2 1 2 1 , P2 1 2 1 2, Pca2 1 , Pna2 1 , Pnma and Pbca. The densest hypothetical packings generated from the MOLPAK search were then subjected to more accurate lattice energy minimisation using DMACRYS, 10 which implements a repulsion-dispersion potential field of the form:
where i and k are the atoms in molecules 1 and 2 of different types. The parameters used in this study came from the FIT potential, parameterized by Williams and Cox, 11 with additional terms for the hydrogen atoms bound to nitrogen later fitted by Coombes et al. 12 The thermodynamic stability of predicted crystal structures was verified from the second derivative properties from the DMACRYS optimization by confirming the Born stability criteria were met. The eigenvalues of the final optimized structure were evaluated for all the representations of the group to find the occurrence of any negative eigenvalues. The presence of negative eigenvalues indicates that the structure had been optimized to a saddle point between two lower symmetry structures. A valid minimisation can be performed in such cases by re-minimising the optimized structure after removing the corresponding representation of space group from the symmetry constraints to attain the true minimum.
In the next section, a detailed outline of the employed approach towards pyrazinamide is provided.
Potential energy surface scan with flexible torsion
The conformational diversity of a molecule increases with increasing number of flexible torsion angles, 13 and hence, the potential energy surface of flexible molecules which form different conformational structures should be analyzed. 14 The aim of this stage was to find the local minima of the low energy conformers within the energy landscape by performing a potential energy surface scan with a selected flexible torsion angle (θ), the variation of which plays a vital role in producing conformational polymorphism. A potential energy surface scan executed through a series of MP2 level gas phase optimizations gives detailed analysis of possible conformers of the molecule of interest and the energy barrier associated with the conformational changes of the flexible molecule and thereby locating local minima, 15 which is crucial for the prediction methodology.
The central aromatic ring of the pyrazinamide molecule was found to be rigid due to its π interactions compared to the terminal bonds. Since the range of conformers produced depends on the degrees of freedom of the flexible molecule, the terminal torsion angle N(3)-C(2)--C(1)-N(1) (θ) was selected as flexible for the current potential energy surface scan. Each point on the potential energy surface was considered to be a partial gas phase optimization with the MP2 level theory using the 6-31G(d,p) basis set, and varying θ from -180 to 180°. A plot of the energy difference of each conformer generated on the PES scan as the torsion angle varies from -180 to 180° with respect to the global minimum is shown in Fig. 1 . The PES scan revealed that the conformer with lowest energy was attained at a torsion angle of 0° and is considered as the global minimum. The structural aspects of the conformers generated at the troughs of the PES scan were analyzed and studied thoroughly. The deep trough (at 0°) in the plot of the energy penalty against torsion angle ( (3)), thereby enabling a strong intramolecular hydrogen bonding interaction. Two shallow troughs in the plot were found at the near trans position of N(1) and N(3) making a torsion angle of ≈140°. The stable conformers generated in the PES scan of the selected torsion angle were analyzed and those within an energy range of ≈10 kJ mol -1 of the global minimum 16 were selected for the MOLPAK global search. The selected conformers had the cis configuration of the key aromatic nitrogen with the terminal nitrogen atom, and a torsion angle ranging from -40 to 40°. All the other structures were not considered since they were found to be at higher regions of the energy plot and thus, it was very unlikely that the intermolecular energy could overcome the energy penalty for deformation of the molecule from the global minimum. 
MOLPAK global search for the crystal structures
The prior background aim of the global search is to generate all the possible hypothetical dense structures with various space group symmetry within the lattice energy surface. All the generated structures within a specific space group were then optimized with the boundary values of decision variables like lattice lengths, lattice angles and Euler's coordinates which determine and specify the geometry of the unit cell. The optimized structures with calculated density less than the threshold density were taken as one of the possible crystal structures.
The global search for the crystal structures of pyrazinamide was realised using the MOLPAK algorithm, which reconstructs the optimized conformers on a three dimensional grid. All the unique orientations were obtained by rotation of the rigid molecule in 10° steps from -90 to 90° within the three Cartesian planes, generating 6859 (19 3 ) hypothetical starting molecules. Space group symmetry was then applied to generate the complete crystal structure. The packing density and the unit cell volume of each generated structure were analyzed with the PMIN refinement using a repulsion only UMD potential. The structures were ranked based on the packing density and the densest were carried forward to the lattice energy minimisation. 17 The current study of pyrazinamide dealt with the search in 25 commonly encountered space groups in the Cambridge Structural Database (CSD), from which about 1067 hypothetical crystal structures were selected as starting point for lattice energy minimisation. The hypothetical densest rigid molecule crystal structures generated from the global search were selected as the starting points for the lattice energy minimisations to evaluate their thermodynamic stability using the DMACRYS algorithm, which incorporates a repulsion dispersion potential field of the form Eq. (2). The electrostatic and intramolecular interactions of the molecules were modelled through a set of atomic dipoles evaluated from a distributed multipole analysis of the MP2/6-31G(d,p) charge density using the GDMA algorithm. 18 The DMACRYS lattice energy minimisation of the hypothetical rigid molecule crystal structures calculates the Ewald summed charge-charge, charge-dipole, dipole-dipole interactions 19 and the second derivative properties from the Hessian matrix to emphasise their stability and valid minimisation. The structures that had not reached true minima were at a transition state, which will reach true minima in further lattice minimisation within the interaction field. For pyrazinamide, it was noted that some of the crystal structures failed to reach true minima, generating non-zero eigenvalues for the coordination symmetry. Therefore repeated minimisation was done for such crystal structures to attain true minima, by removing the non-zero representation from the symmetry constraints. Figure 2 shows the dense crystal energy landscape with the generated optimized crystal structures together with the minimised experimental pyrazinamide structure within the region from -90 to -103 kJ mol -1 . The predicted structures within this region are expected to be stable and crystallise under normal thermodynamic conditions. The densest crystal structures which are stable and match with the experimental crystal structures were evaluated from comparisons performed using COMPACK 20 with 20 molecules in the coordination sphere and 50 % tolerance to check the accuracy of the optimization technique and potential used. 
RESULTS AND DISCUSSION

Analysis of the predicted conformers
The hypothetical crystal structures from the crystal energy landscape were sorted in increasing order of the total energy (E total ). The most stable structures from the landscape predicted via the ab initio crystal structure prediction method are presented in Table I . The structures that almost matched the experimental crystal were selected based on the root mean square deviation (RMSD) for the crystal packing similarity. The lowest energy optimized crystal structures could be considered as potential polymorphs of pyrazinamide. The COMPACK comparison for the predicted low energy crystal structure generated at the 8 th , 20 th and 99 th rank, with the corresponding E total energies -99.01, -97.42 and -91.99 kJ mol -1 (called hereafter Str8, Str20 and Str99) respectively show a perfect match with the known experimental polymorphs of pyrazinamide, pyrzin16, pyrzin22 and pyrzin18 (hereafter called δ, α and β, respectively) exhibiting 20 molecules in common within the coordination sphere and a packing RMSD value below 1.1 (Fig. 3) . The presence of the optimized struc- tures similar to the experimental polymorphs of pyrazinamide successfully validates the generated landscape. No optimized crystal structures with similar packing to the experimental γ polymorph of pyrazinamide were generated in the landscape, probably because this structure is in a disordered form in the CSD database. The comparative analysis shown in Table II indicates that the optimized hypothetical structures were generated at equivalent total energies with respect to those of the reproduced experimental polymorphs of pyrazinamide, thereby confirming the similarity. As mentioned in the previous report, 21 there was a discrepancy between the β polymorph (Pyrzin 18) at 0 K and its CSP generated equivalent. Figure 4 shows the powder XRD patterns simulated for both experimental and the corresponding optimized pyrazinamide structures exhibited good match. Available on line at www.shd.org.rs/JSCS/ Intermolecular short range contacts of rigid molecules are of vital importance to their thermodynamic stability and strong packing. Since the stability of well packed crystal structures is a result of hydrogen bond interactions, the graph sets and key hydrogen bond motifs of the theoretical and experimental crystal structures of pyrazinamide were analysed to explain the structural stability. The analysis demonstrated that the predicted crystal structures Str8, Str20 and Str99 replicate the hydrogen bond interactions of the δ, α and β polymorphs of pyrazinamide. Detailed inspection of the structures showed that the experimental δ and β polymorphs formed a ring type R 2 2 (8) hydrogen bond motif, whereas the experimental α polymorph was stabilised by two ring type motifs, R 2 2 (8) and R 2 2 (10), and three chain type C 2 2 (9), C 2 2 (7) and C 2 2 (16) motifs (Table III) . It should be noticed that these ring types are explicitly H-bonded dimers which include N(1) as the donor and N(3)/O(1) as acceptors (N(1)-H(2) … O(1) and N(1)-H(1) … N(3), see Fig. 1 for the atomic numbering); whereas the chain type hydrogen bonds give rise to a zig-zag manner of interaction, with the same donor-acceptor pairs of atoms as for the case of both the experimental and the corresponding predicted α polymorphs. The similarity in the short intermolecular contacts between the experimental and theoretical crystal structures with the same donor acceptor pairs of atoms revealed that Str8, Str20 and Str99 resemble the experimental δ , α and β polymorphs, respectively, with low RMSD values (Table III) . β From the COMPACK comparison exhibiting the low RMSD values and the hydrogen bond motif analysis, it is clear that the predicted crystal structures, Str8, Str20 and Str99, with E total values of -99.01, -97.4 and -91.9 kJ mol -1 , respectively, are in good agreement with the δ, α and β polymorphs of pyrazinamide with the same hydrogen bond network that stabilizes the structure. Thermodynamic stability and mechanical strength were analyzed from the C ij matrix, 22 which indicates that the crystal structures met the Born criteria of stability. The estimated mechanical properties of the predicted structures are presented in Table IV .
The results from Table IV revealed that the predicted structures had good matches with the mechanical sensitivity (Young's modulus) of the experimental polymorph of pyrazinamide, which validates the prediction methodology and the potential field used in the current research. 
Hirshfeld finger print plot analysis
An investigation of the intermolecular short contacts for the ab initio predicted polymorphs of pyrazinamide was performed by analyzing the 2D fingerprint plots for each structure 23 generated using Crystal Explorer. 24 The fingerprint plots for each predicted polymorph showed two distinct spikes at the lower The resolved and unresolved contributions of each key interaction with respect to their experimental polymorphs are tabulated in Table V . The data included in Table V show the percentage contribution of the key interactions for both the experimental and their corresponding optimised conformers. An analysis of the data from Table III indicates that the structures called Str8, Str20 and Str99 are the experimental δ, α and β polymorphs of pyrazinamide generated in the energy landscape and thereby justifies the thermodynamic stability of the optimized structures.
CONCLUSIONS
Ab initio crystal structure prediction of the hypothetical densest structures within a flexible conformeric region using a repulsion-dispersion potential field showed good accuracy in predicting the polymorphic structures of pyrazinamide. The energy landscape generated by considering all the likely geometric con-formers was found to be densely populated. Lattice energy minimisation of the lowest energy structures was performed incorporating the distributed multipole charges. The unique optimized crystal structures were refined and studied thoroughly. The stability of the selected structures was verified by analyzing the intermolecular interactions and second derivative mechanical properties, confirming that the structures had achieved the Born criteria of stability. Detailed analysis of the hydrogen bonds showed that Str8, Str20 and Str99 had similar interactions to the δ, α and β polymorphs of pyrazinamide indicating their physically favourable nature. The Hirshfeld 2D fingerprint plot analysis of the predicted polymorphs revealed that the majority of the interactions are made by the amide and carboxylic group of the molecule, providing a major contribution to the Hirshfeld surface, thereby achieving the stability. The favourable results from the studies made for the theoretical crystal structures of pyrazinamide justify the selected flexible torsion angle and the potential field used for the current prediction methodology. The similarities of the optimized structures with respect to the experimental known polymorphs of pyrazinamide proved the authenticity of the generated energy landscape. Thus the lower energy optimized theoretical structures of pyrazinamide generated via the current prediction method in the energy landscape could be considered as potential polymorphs of pyrazinamide, which are resolved or yet to be resolved, thereby the current methodology was validated.
